We studied the performance of AlGaN/GaN double heterojunction high electron mobility transistors (DH-HEMTs) with an AlGaN buffer layer, which leads to a higher potential barrier at the backside of the twodimensional electron gas channel and better carrier confinement. This, remarkably, reduces the drain leakage current and improves the device breakdown voltage. The breakdown voltage of AlGaN/GaN double heterojunction HEMTs ( 100 V) was significantly improved compared to that of conventional AlGaN/GaN HEMTs ( 50 V) for the device with gate dimensions of 0.5 100 m and a gate-drain distance of 1 m. The DH-HEMTs also demonstrated a maximum output power of 7.78 W/mm, a maximum power-added efficiency of 62.3% and a linear gain of 23 dB at the drain supply voltage of 35 V at 4 GHz.
Introduction
In recent decades, due to unique characteristics such as a wide band-gap, superior carrier saturation velocity, a large breakdown field strength and strong spontaneous and piezoelectric polarization, GaN-based high-electron mobility transistors (HEMTs) have attracted considerable attention and shown excellent performance in high-power and highfrequency electronics applications OE1 3 . Although remarkable progress has been achieved for AlGaN/GaN single heterojunction (SH) HEMTs due to improved material quality and process techniques, there still remain some obstacles. In the conventional AlGaN/GaN HEMT structure, the two-dimensional electron gas (2DEG) induced by spontaneous and piezoelectric polarization is confined in an approximately triangular potential well formed at the interface between the AlGaN barrier and GaN buffer. However, due to the lower potential barrier height of the GaN buffer layer, also known as the insufficient confinement of the 2DEG in the channel, it is easy for the 2DEG to overflow from the potential well into the GaN buffer layer, thus causing a buffer layer punchthrough effect and deterioration of the transport characteristics. In many cases, such as at high temperatures, high 2DEG density or a more negative gate voltage, part of the 2DEG can spill over from the potential well and become three-dimensional electrons, which lead to an apparent decrease of average electron mobility, because the mobility of three-dimensional electrons (200-500 cm 2 /(V s)) is much less than that of two-dimensional electrons (1000-2000 cm 2 /(V s)) OE4 . In order to overcome the limitations of the conventional SH-HEMTs, several methods were proposed, such as using a Mg-or C-doped GaN buffer layer OE5 , inserting an InGaN layer into the GaN buffer layer (AlGaN/GaN/InGaN/GaN heterojunctions)
OE6 or using an AlGaN buffer layer (AlGaN/GaN/AlGaN double heterojunctions)
OE7 . In double heterojunctions, the channel is separated from the buffer layer due to the second heterojunction at the bottom side of the channel. The additional barrier leads to better carrier confinement and buffer isolation, as well as improved device performance, such as a lower buffer leakage current and a higher power gain cutoff frequency.
In this paper, AlGaN/GaN double heterojunction (DH) HEMTs with an AlGaN buffer layer with a low Al composition of about 7% were fabricated. We focus on the growth and characteristics of AlGaN buffer DH-HEMTs, which demonstrate an improved breakdown voltage and decreased offstate drain leakage current compared with conventional AlGaN/GaN HEMTs. A power added efficiency of 62.3% and a maximum output power of 7.78 W/mm were obtained for the DH-HEMT device at a drain supply voltage of 35 V at 4 GHz.
Experiments
All the GaN heterojunctions were grown by low-pressure metal organic chemical vapor deposition (MOCVD) on 2-inch semi-insulating 4H-SiC substrates. Trimethylalumium (TMAl), triethylgallium (TEGa) and ammonia (NH 3 / were used as the sources of Al, Ga and N, respectively. Hydrogen was used as a carrier gas. After annealing the substrate in a H 2 environment for 10 min at 1050 ı C, a 100 nm high temperature AlN nucleation layer was grown at 1050 ı C, followed by a 1.5 m Al 0:07 Ga 0:93 N buffer layer. Then a 10 nm nominally undoped GaN layer was deposited as a 2DEG channel followed The device fabrication of the two structures is identical and starts with mesa isolation using inductively coupled plasma (ICP) dry etching. Then, Ti/Al/Ni/Au metals were deposited as source and drain ohmic contacts by electron beam evaporation, followed by rapid thermal annealing at 870 ı C for 40 s in ambient N 2 . The Ni/Au Schottky gate was defined by optical stepper lithography with a gate length of 0.5 m and gate width of 100 m. Finally, a SiN passivation layer was deposited by PECVD. Both the gate-source distance and gate-drain distance for the SH and DH HEMTs were 1 m.
The crystal quality and reciprocal lattice mapping of the two heterostructures were characterized by high-resolution X-ray diffraction (HRXRD) (Bruker D8 Discover HRXRD diffractometer). The Hall Effect measurement was carried out using a van der Pauw technique at room temperature to characterize the electrical properties. Additionally, Raman spectroscopy was used to analyze the Al composition in the AlGaN buffer layer using a 514 nm argon ion laser with Z(XX)-Z scattering geometry at room temperature (JY LabRam HR800). The device direct current (DC) performances were measured by Agilent 1500A semiconductor parameter analyzers. Largesignal load-pull measurements were conducted on the two kinds of devices at 4 GHz using a Maury load-pull system.
Results and discussion
Since the Al composition of the AlGaN buffer layer is a decisive parameter for the back-barrier height, the Raman characterization was performed and the spectra were presented in Fig. 2 . The A 1 (LO) mode and E 2 (high) mode of the AlGaN buffer layer is located at 750 and 571 cm 1 , respectively. Because the A 1 (LO) mode is more sensitive to Al composition x, a quadratic equation is proposed to conveniently estimate x as follows:
OE8 . Therefore, according to A 1 (LO) Al x Ga 1 x N D 750 cm 1 , the Al composition in the AlGaN buffer can be calculated to be ap- proximately 7%, which is in good agreement with our experiment design.
A Hall measurement was performed with a Hall-bridge pattern fabricated on both the SH-HEMT and DH-HEMT wafers. A 2DEG mobility of 1713 cm 2 /(V s) and a sheet carrier density of 8.48 10 12 cm 2 were obtained at room temperature on the AlGaN/GaN/AlGaN DH-HEMT sample. Our conventional AlGaN/GaN SH-HEMT structure exhibits a 2DEG mobility of 1605 cm 2 /(V s) and a sheet carrier density of 1.07 10 13 cm 2 . The sheet resistances of DH and SH structures are 372 / and 309 / , respectively. The lower carrier density and higher 2DEG mobility in DH-HEMT are mainly attributed to the raised conduction band of the AlGaN backbarrier layer, which enables an enhanced 2DEG confinement and thus a deeper and narrower channel, which is consistent with the calculated conduction band diagram and electron distribution as shown in Fig. 1(c) .
To further study the strain state in the DH-HEMT epistructure, an XRD reciprocal space mapping (RSM) measurement was carried out around the asymmetric (1015) plane. Compared with the diffraction patterns in one-dimensional angular distribution, two-dimensional RSM is a direct and effec- DC measurements of the devices were carried out to study the device performances fabricated on the above different samples. The gate dimensions of the devices are 0.5 100 m 2 . The typical current-voltage and transfer characteristic of the DH-HEMTs are plotted and compared with those of the conventional AlGaN/GaN SH-HEMTs in Figs. 4(a) and 4(b) . The maximum drain current density of the DH-HEMT device is about 940 mA/mm at V DS D 10 V and V GS D 2 V, which is lower than the conventional one ( 1230 mA/mm). The peak transconductance of the DH-HEMT device, as shown in Fig. 4(b) , is about 220 mS/mm, which is a little lower than the value of our conventional SH-HEMT device ( 240 mS/mm). The decreased maximum drain current and peak transconductance of the DH-HEMT result from the lower 2DEG density in the channel. The threshold voltage of the DH-HEMT is -3.0 V, which shifted positively compared to that of the conventional 014002-3 SH-HEMT ( 4:4 V). This difference is caused by the different carrier concentration in the 2DEG channel between the DH-HEMT sample and the conventional SH-HEMT sample. The SH-HEMT structure has a larger 2DEG density and needs a more negative voltage to deplete the channel. In addition, from the measurement results it can be seen that one of the advantages of the DH-HEMT over the conventional SH-HEMT is the lower buffer leakage current, which is 1.3 10 6 mA/mm at V DS D 10 V and V GS D 6 V for the DH-HEMT. This is significantly lower than that in our conventional SH-HEMT (7.5 10 4 mA/mm). The reduced off-state drain leakage current in the DH-HEMTs strongly indicates that the increase of the effective potential barrier provided by the AlGaN buffer layer below the 2DEG channel can effectively prevent the electrons spilling over from the channel to the buffer under the high drain voltage and improve buffer isolation.
The off-state I DS -V DS characteristics of conventional AlGaN/GaN HEMTs and AlGaN/GaN/AlGaN DH-HEMTs with a wide drain bias region at the gate voltage of -8 V are shown in Fig. 5 . The conventional HEMTs and DH-HEMTs demonstrate the off-state breakdown voltages of 50 and 100 V, respectively, which indicate that the breakdown characteristic of the DH-HEMT device with an AlGaN buffer layer has been significantly improved from that of the conventional AlGaN/GaN HEMT. As mentioned above, the electrons spilling over from the channel to the buffer layer at a high drain supply voltage can form the buffer leakage current. In many cases, breakdown in GaN-based HEMTs is initiated by the electron current underneath the depletion region of the gate through the insulating buffer layer and is known as the buffer-layer punchthrough effect OE9 . The punchthrough of the electrons into the buffer layer causes a rapid increase of the drain leakage current and the device breakdown occurs when the drain leakage current exceeds a certain value, such as 10 mA/mm OE10 . It is believed that enhancement of the off-state breakdown voltage of the DH-HEMT device is attributed to a better carrier confinement in the DH-HEMT. The increased back-barrier height of the AlGaN buffer layer suppresses the spillover of the 2DEG into the buffer layer and postpones the punchthrough of the buffer layer, thus reducing the subthreshold drain leakage current and increasing the breakdown voltage remarkably.
Large-signal load-pull measurements were also conducted 
Conclusions
AlGaN/GaN/AlGaN DH-HEMTs with an Al 0:07 Ga 0:93 N buffer layer grown by MOCVD on 4H-SiC substrates was investigated. The maximum drain current and maximum transconductance were about 940 mA/mm and 220 mS/mm, respectively. Compared with conventional SH-HEMTs using a GaN buffer layer, AlGaN/GaN DH-HEMTs with an Al 0:07 Ga 0:93 N buffer layer demonstrated a remarkable enhancement of breakdown voltage and decrease of the off-state drain leakage current due to the effective improvement of carrier confinement as a result of the improved back-barrier height. The DH-HEMT device also demonstrated a maximum output power of 7.78 W/mm and a maximum power-added efficiency of 62.3% at the drain supply voltage of 35 V at 4 GHz. The results imply that an AlGaN/GaN DH-HEMT is a promising structure for higher-voltage and higher-power device applications. Meanwhile, the properties of AlGaN/GaN/AlGaN DH-HEMTs are expected to be improved by reducing the crystal defects in the AlGaN buffer layer by optimizing the growth conditions.
